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To shed light on the metabolic role of two mitochondrial transporters for basic amino acids in Arabidopsis, we compared their functional
properties in liposomes and expression during germination. Recombinant and purified BAC2, as previously reported for BAC1, transported
various basic L-amino acids upon reconstitution in phospholipid vesicles. Both displayed highest affinity for arginine with similar Km and Vmax.
However, BAC2 transported citrulline for which BAC1 had little or no affinity. Furthermore, BAC2 was less stereospecific than BAC1,
transporting D-arginine and D-lysine at significant rates, and displayed a striking alkaline pH optimum (pH 8.0) whereas BAC1 activity was
unaltered from pH 7.0 to 9.0. By semi-quantitative RT-PCR BAC1 transcript levels were found to be higher than those of BAC2 in germinated
seeds. However, BAC2 expression transiently increased 2 days after germination. Disruption of the Arabidopsis arginase structural genes
(ARGAH1 or ARGAH2) accentuated the increases of transcript levels of BAC1 at germination and of BAC2 2 days after germination and from 6
days on. Early expression of BAC1 and BAC2 is consistent with the delivery of arginine, released from seed reserves, to mitochondrial arginase
and the export of ornithine. Increase of BAC2 transcript levels later in seedling development is consistent with roles in NO, polyamine or proline
metabolism—processes involving arginine, citrulline and/or ornithine.
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Plant amino acid metabolism is highly compartmentalized
and metabolic pathways frequently involve solute transport
across intracellular membranes. A comprehensive understand-
ing of the structure and regulation of metabolic networks in
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addition, due to the simultaneous presence of different substrates
in a cell compartment, their fluctuating concentrations under
different physiological conditions and the partially overlapping
substrate specificity of transporters belonging to large trans-
porter families, the elucidation of the role of each individual
amino acid transporter in planta requires analysis of its spatial
and temporal expression pattern. This is of utmost importance
for those amino acids that are involved at multiple levels in plant
physiology. A prominent example is arginine (Arg), which plays
a direct or indirect role in many essential cellular and
developmental functions.
In addition to being a protein amino acid, Arg can be converted
to polyamines via Arg decarboxylase-catalyzed conversion to
agmatine and subsequent action by iminohydrolase and N-
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though the presence of an ornithine (Orn) decarboxylase (ODC) in
Arabidopsis has been debated [2,3], sequential action of arginase
(Arg→Orn+urea) and ODC (Orn→CO2+putrescine) is another
potential route for polyamine formation from Arg in plants.
Arg is also a transport/storage form of nitrogen (N). In
developing embryos of soybean [4] and pea [5], at least 50% of
free amino acid N is in the Arg pool. In the mature angiosperm
seed Arg accounts for up to 40% total reserve N [6]. In a
gymnosperm, loblolly pine, approximately half of seed protein
N is in Arg [7]. During seed germination much of the Arg
released from bound reserves is broken down by arginase [5,8–
10]. A rapid accumulation of Arg-derived urea was observed in
urease-negative soybean seedlings [11,12]. Urea production was
accompanied by a sharp increase in arginase activity over 1 to
5 days after germination (DAG) [9]. In Arabidopsis, a 10-fold
increase in total arginase activity from 0 to 6 DAG accompanied
increases in free Arg and urea [13]. The two Arabidopsis
arginase structural genes, ARGAH1 and ARGAH2, have closely
related deduced amino acid sequences [14]. Though ARGAH1
and ARGAH2 have different N-terminal sequences, both
conform to a consensus mitochondrial targeting sequence.
Arginase has been reported to be mitochondrial in soybean
embryo and seedling cotyledons [15].
Arg is also a precursor of nitric oxide (NO) in the reaction
catalyzed by nitric oxide synthase (NOS) [16,17]. AtNOS1 is
localized to the mitochondrion and the disruption of the AtNOS1
structural gene eliminates all mitochondrial NOS activity [18].
Thus, for both arginase and NOS activities, the Arg substrate
must enter the Arabidopsis mitochondrion.
Movement of several metabolites into and out of mito-
chondria is accomplished by a family of inner membrane
proteins (the mitochondrial carrier family, MCF), for which
there is a growing number of reports in plants [19]. BAC1 and
BAC2were earlier identified as basic amino acidMCFmembers
because they can replace the function of yeast Ort1p in vivo
[20,21]. ORT1 encodes a mitochondrial carrier that catalyzes
Orn export from mitochondria, a crucial step for Arg
biosynthesis in Saccharomyces cerevisiae. Besides L-Orn,
Ort1p also transports L-Arg and L-lysine (Lys) with decreasing
affinity [22]. Based on the sequence of Ort1p, two isoforms of
the human mitochondrial Orn carrier (ORC) were identified
[23,24]. Recombinant ORC1 and ORC2, reconstituted into
liposomes, both transported L-isomers of Orn, Lys, Arg and Cit
by exchange and by unidirectional mechanisms, and were
inactivated by the same inhibitors. Although both proteins are
expressed in a wide range of tissues, ORC2 does not compensate
for ORC1 deficiency in HHH (Hyperornithinaemia–Hyperam-
monaemia–Homocitrullinuria) syndrome patients [23,24] point-
ing to different roles in cell metabolism.
Despite their low degree of similarity (26% amino acid
identity), phylogenetic analysis of Arabidopsis MCF members
showed that BAC1 and BAC2 cluster together [19]. BAC1
expressed in E. coli and reconstituted in artificial liposomes
transported Arg, Lys, Orn and histidine (His), in order of
decreasing affinity [20]. Furthermore we showed that BAC1 and
BAC2 were both expressed in all organs examined. However,BAC1 transcripts were found at highest levels in flowers, siliques
and seedlings (10 DAG) while BAC2 transcripts were most
abundant in flowers [20]. Catoni et al. [21] also observed
ubiquitous organ distribution of BAC2 with highest transcript
levels in open and closed flowers. BAC2 promoter-GUS fusions
indicated seedling expression only 21 DAG, and strong
expression in flower inflorescences, anthers and pollen grains.
To shed light on their individual roles, we set out to compare
the functional properties of BAC1 and BAC2 and their
expression patterns during seedling development. Here, we
report the functional characterization of BAC2 which, like
BAC1, is specific for basic amino acids and shows a preference
for Arg. However, BAC2 differs from BAC1 in pH dependence,
stereo-selectivity, expression pattern during germination and in
its recognition of Cit, a reaction product of the mitochondrial
NOS reaction.
2. Materials and methods
2.1. Materials
[3H]Arg and [3H]Lys (L-stereoisomers) were purchased from NEN Life
Science Products (Boston, MA). L-[3H]Orn, cardiolipin and sarkosyl (N-
lauroylsarcosine) were supplied by Sigma (St. Louis, MO). Egg-yolk
phospholipids (egg lecithin) were obtained from Fluka (Milan, Italy) and
Amberlite XAD-2 from Supelco (Milan). All other reagents were analytical
grade.
2.2. Bacterial expression and purification of BAC2 protein
The coding sequence of BAC2 (At1g79900) was amplified by PCR from an
Arabidopsis cDNA library [25]. Forward and reverse oligonucleotide primers
were synthesized corresponding to the extremities of the BAC2 coding sequence
with additionalNdeI andBamHI sites, respectively. PCR products were cloned as
NdeI/ BamHI fragments into the pMW7 expression vector. The resulting
construct was used to transform E. coliBL21(DE3) cells and recombinant BAC2
protein was overproduced as inclusion bodies at 37 °C as described before
[20,26,27]. Control cultures with empty vector were processed in parallel.
Inclusion bodies were purified on a sucrose density gradient, washed at 4 °C with
TE buffer (10 mM Tris/HCl, 1 mM EDTA, pH 7.0), then twice with a buffer
containing Triton X-114 (3%, w/v), 1 mM EDTA and 10 mM Hepes/KOH, pH
7.0, and once again with TE buffer. Protein was analyzed by SDS-PAGE in
17.5% gels and the identity of BAC2 was confirmed by N-terminal sequencing
and matrix-assisted laser desorption ionization-time of flight mass spectrometry
of a trypsin digest of the purified protein excised from a Coomassie-stained gel.
The yield of recombinant BAC2 was estimated by laser densitometry as
previously described [28].
2.3. Reconstitution of the recombinant BAC2 into liposomes
Purified BAC2 was solubilized in the presence of 2% sarkosyl (w/v), and a
small residue was removed by centrifugation (258000×g for 30 min). Solubilized
protein was diluted 8-fold with a buffer containing 0.6% Triton X-114, 0.2 mM
EDTA, 10 mM Hepes/KOH, pH 8.0 and then reconstituted by cyclic removal of
detergent [29]. The reconstitution mixture consisted of protein solution (45 μl;
0.40 mg/ml), 10% Triton X-114 (70 μl), 10% phospholipids as sonicated
liposomes (100 μl), 20 mM Arg (except where otherwise indicated), cardiolipin
(1.0 mg), 20 mM Hepes/KOH, pH 8.0 and water (final volume 700 μl). In the
experiments where the pH was varied between 5.0 and 9.0, 10 mM Mes (2-[N-
morpholino]ethanesulfonic acid) plus 10 mM Hepes (N-[2-hydroxyethyl]
piperazine-N′-[2-ethanesulfonic acid]) were used instead of 20 mM Hepes.
The mixture was recycled 13 times through an Amberlite column
(3.2 cm×0.5 cm) pre-equilibrated with buffer at the same pH and substrate at
Fig. 1. Expression of recombinant BAC2 in E.coli. Proteins were separated by
17.5% SDS-page and stained with Coomassie Blue dye. Lane M, markers
(ovotransferrin, bovine serum albumin, egg albumin, carbonic anhydrase,
myoglobin and cytochrome c); Lanes 1 and 2 E.coli BL21(DE3) containing the
expression vector with (lane 2) and without (lane 1) the coding sequence of
BAC2. Samples were taken 5 h after induction. The same number of bacteria
was analyzed in each sample. Lane 3, purified BAC2 originating from bacteria
shown in lane 2.
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performed at 4 °C, except the passages through Amberlite, which were carried
out at room temperature.
2.4. Transport measurements
External substrate was removed from the proteoliposomes on Sephadex G-
75 columns pre-equilibrated with a buffer containing 80 mM sucrose and 10 mM
Hepes/KOH or 10 mM Mes and 10 mM Hepes at the same pH as in the
reconstitution mixture. Transport at 25 °C was started by adding [3H]Arg to the
eluted proteoliposomes, and terminated, after the desired time, by the addition of
30 mM pyridoxal 5′-phosphate and 10 mM bathophenanthroline (the “inhibitor
stop” method; [29]). In controls, the inhibitors were added together with the
labelled substrate. Finally, the external radioactivity was removed on Sephadex
G-75, and the radioactivity in the liposomes was measured [29]. The transport
activity was calculated by subtracting the control values from the experimental
values. The initial rate of transport was calculated in μmol/min per g protein
from the time course of isotope equilibration [29]. Various other transport
activities were assayed by the inhibitor-stop method.
2.5. Expression analysis during germination by RT-PCR
Arabidopsis seeds were surface sterilized and plated on filter paper
moistened with sterile water in Petri dishes. Seeds were vernalized at 4 °C for 2
days before plates were transferred to the light (16 h photoperiod) at 22 °C in
which germination was complete after another 2 days (0 DAG). Seedlings were
collected every 2 days starting at germination. Expression levels of both basic
amino acid carriers (BAC1 and BAC2) and arginases (ARGAH1 and ARGAH2)
were determined following germination in wild-type (Col-0) as well as argah1-1
and argah2-1 mutant seeds. argah1 and argah2 mutants were isolated as
homozygous T-DNA insertions from the SALK (At4g08900, [30] ) and SAIL
(At4g08870, [31] ) collections, respectively. Both originated from the Columbia
ecotype. Total RNA was extracted using the Qiagen RNeasy Plant Mini kit
including treatment with RNase-Free DNase (Qiagen Inc., Valencia, CA, USA)
to eliminate genomic DNA contamination. Reverse transcription was performed
on 1 μg total RNAwith the ImProm-II™ Reverse transcription system (Promega,
Madison, WI, USA) using the Oligo (dT)15 primer and following the
manufacturer's recommendations. The cDNA produced was used for gene-
specific PCR. Annealing temperatures and number of PCR cycles for each of the
amplified products were as follows, BAC1: 55 C, 30 cycles; BAC2: 55 C, 30
cycles; ARGAH1: 62 C, 28 cycles; ARGAH2: 62 C, 25 cycles; TUB4: 55 C, 25
cycles. Primer sequences are listed in Table 1.3. Results
3.1. Bacterial expression of BAC2 protein
BAC2 was over-expressed in E. coli and purified from
inclusion bodies (Fig. 1). About 50 mg purified protein was
obtained from 1 l of bacterial culture. The apparent molecularTable 1
Primers used for RT-PCR analyses
Oligonucleotide Sequence
BAC1 5′ 5′-CAG AAA CAT AAT ACA GAT GTG CAA GGG-3′
BAC1 3′ 5′-GTC ACG TTT GAT TCC CAA CAT TTT-3′
BAC2 5′ 5′-ATG GAT TTC TGG CCG GAG TTT ATG GCG-3′
BAC2 3′ 5′-ATA ACA AGC GAC CCA GCT GGC CAC TCC-3′
ARGAH1 5′ 5′-GAG TGG CCG AAA CAG AGATT-3′
ARGAH1 3′ 5′-AGC CAG ACT TAT TGC ATT CAA GAA C-3
ARGAH2 5′ 5′-ATG TGG AAG ATT GGG CAG-3′
ARGAH2 3′ 5′-CCC AAT TGATAT TAA GCT TAT TCG ATA CC-3′
TUB4 5′ 5′-TTG CTG TCT TCG TTT CCC TGG-3‘
TUB4 3′ 5′-GAG GGT GCC ATT GAC AAC ATC-3′mass of the recombinant protein was about 32 kDa (the
calculated value with initiator methionine was 32,235 Da) and
its identity was confirmed by N-terminal sequence analysis and
by mass spectrometry. The 32-kDa protein was not detected in
bacteria harvested immediately before induction of expression
(not shown), nor in induced cells lacking the BAC2 coding
sequence in the expression vector.
3.2. Functional analysis of BAC2 in proteoliposomes
The BAC2 protein catalysed an active [3H]Arg/Arg exchange
and, to a lesser extent, [3H]Orn/Orn and [3H]Lys/Lys exchanges.
Transport was inhibited by a mixture of pyridoxal 5′-
phosphate and bathophenanthroline. No such activity was
found by reconstitution of sarkosyl-solubilized inclusion
bodies from bacterial cells either lacking the expression
vector for BAC2, or harvested immediately before induction
of over-expression.
The substrate specificity of the BAC2 protein was investi-
gated by measuring the uptake of [3H]Arg into proteoliposomes
which had been pre-loaded with various substrates (Table 2).
The highest activities were observed in the presence of internal
Arg. Cit, Lys, Orn, His and homoarginine were also transported
with somewhat lower efficiency. Furthermore, there was
significant activity with D-Arg and D-Lys. The residual values
with internal glutamate, glutamine, aspartate, phosphate and
ATP were approximately the same as the value with no internal
substrate. Therefore, BAC2 recognized exclusively basic amino
acids, as previously found for BAC1. However, the former
displayed a wider specificity and lower stereospecificity than
the latter.
Arg transport catalyzed by BAC2 was inhibited strongly by
mercuric chloride and other sulphydryl reagents (mersalyl and
Table 2
Dependence on internal substrate of the arginine transport properties of
proteoliposomes reconstituted with recombinant BAC2
Internal substrate [3H]Arg uptake
μmol/10 min/g protein
None (Cl− present) 22
L-Arginine 146
L-Citrulline 69
L-Homoarginine 74
L-Lysine 56
L-Ornithine 55
L-Histidine 66
D-Arginine 111
D-Lysine 65
D-Ornithine 26
L-Glutamate 16
L-Glutamine 14
L-Aspartate 16
Phosphate 15
ATP 30
Proteoliposomes were preloaded internally with various substrates (20 mM).
Transport was started by the external addition of 0.1 mM [3H]arginine and
stopped after 10 min. The data represent at least three independent experiments.
1280 L. Palmieri et al. / Biochimica et Biophysica Acta 1757 (2006) 1277–1283N-ethylmaleimide) (Fig. 2). Also, 1 mM pyridoxal 5′-phosphate
and, to a somewhat lower extent, 1 mM bathophenanthroline
had a significant inhibitory effect. No inhibition was detected by
carboxyatractyloside and bongkrekic acid, well known inhibi-
tors of the ADP/ATP carrier. Nor was inhibition observed with
the impermeable dicarboxylate analogues butylmalonate and
(not shown) phenylsuccinate.
The BAC2-mediated Arg homo-exchange was found to be
strongly dependent on pH (Fig. 3). The [3H]Arg/Arg exchange
increased on increasing the pH from 7.0 to 8.0, and decreased
again above pH 8.0, possibly because of carrier inactivation. We
also studied the influence of pH on BAC1 activity. WhereasFig. 2. Effect of inhibitors on [3H]Arg/Arg exchange by recombinant BAC2.
Transport was started by adding 0.1 mM [3H]Arg to proteoliposomes containing
20 mM Arg and stopped after 2 min. Inhibitors were added 5 min before the
labelled substrate. The final concentration of inhibitors was 1 mM except for
mercurials (0.1 mM), carboxyactractyloside and bongkrekic acid (0.02 mM).
The extents of inhibition (%) from a representative experiment are given. Similar
results were obtained in at least three different experiments. NEM, N-
ethylmaleimide; PLP, Pyridoxal 5′-phosphate; BAT, bathophenanthroline;
BM, butylmalonate; CAT, carboxyactractyloside; BKA, bongkrekic acid.BAC2 exhibited a clear pH optimum at 8.0, BAC1 reached a
maximum beginning at pH 7.0 and activity was constant over a
wide pH range (Fig. 3).
3.3. Kinetic characteristics of the reconstituted BAC2 protein
The uptake of 0.1 mM [3H]Arg into liposomes reconstituted
with purified BAC2 and containing 20 mM Arg followed first-
order kinetics (rate constant 0.33 min−1; initial rate 16.6 μmol/
min/g protein), isotopic equilibrium being approached expo-
nentially (Fig. 4). Arg uptake was also appreciable in proteo-
liposomes pre-loaded with NaCl in the absence of internal
substrate, but in control assays, with transport inhibitors added
together with the labelled substrate, noArgwas taken up (Fig. 4).
The kinetic constants of the recombinant purified BAC2
were determined by measuring the initial transport rate at
various external [3H]Arg concentrations in the presence of a
constant saturating internal concentration of 20 mM Arg (Table
3). The transport affinity (Km) and the specific activity (Vmax)
values for [3H]Arg/Arg exchange at 25 °C were 0.16±0.02 mM
and 38±8 μmol.min−1 g protein−1, respectively, in eight
experiments. The kinetic constants of the recombinant BAC1,
determined under the same experimental set up, are also shown
in Table 3 for comparison.
3.4. Expression of BAC1 and BAC2 during Arabidopsis
germination
Expression of BAC1 and BAC2 during seed germination and
early seedling development was investigated by RT-PCR. The
PCR primers employed to detect BAC transcripts (Table 1) were
found nowhere else (as a pair, in an amplifiable orientation) in
the genome. Amplification product was produced from mRNA
for both BAC1 and BAC2 from dormant seed (data not shown),
in agreement with our finding that both are produced in
immature siliques [20]. Transcripts of both BAC1 and BAC2
were present in wild-type (Col-0) germinated seed, with BAC1
being apparently expressed at a higher level (Fig. 5, 0 DAG).Fig. 3. Effect of pH on reconstituted BAC2 (open squares) and BAC1 (filled
squares) activity. Transport was started by adding 0.1 mM [3H]Arg to
proteoliposomes containing Arg (20 mM) and terminated after 10 min. Similar
results were obtained in three different experiments for each carrier.
Fig. 5. Transcript accumulation of arginases and BACs post-germination. Seeds
of ecotype Columbia (Col-0), argah1-1 and argah2-1were germinated on sterile
filter paper moistened with water and incubated at 22 °C for 10 days.
Germination occurred after 2 days at 22 °C (0 DAG) and seedlings were
collected for RNA extraction every 2 days (0–8 DAG). Gene specific primers
(details in Table 1) were used to amplify transcripts of BAC1, BAC2, ARGAH1
and ARGAH2, from cDNA samples generated from 1 μg total RNA. Tubulin
(TUB4) [45] was utilized as a control.
Fig. 4. Time course in [3H]Arg uptake by proteoliposomes reconstituted with
recombinant BAC2. 0.1 mM [3H]Arg was added to proteoliposomes containing
20 mM Arg (exchange, empty and filled squares) or 20 mM NaCl and no
substrate (uniport, filled circles). In the control reaction, 30 mM pyridoxal 5′-
phosphate and 10 mM bathophenanthroline were added together with [3H]Arg at
time zero (empty squares). Similar results were obtained in three independent
experiments.
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throughout the time period examined. By contrast, BAC2
transcript level was very low at germination (0 DAG),
increased dramatically following germination (2 DAG), fell
close to initial levels (4 DAG), and then rose again 6 DAG
(Fig. 5).
Since Arg transport across the mitochondrial inner mem-
brane and arginase activity cooperate in providing N following
germination we compared expression patterns of each Arabi-
dopsis arginase, ARGAH1 and ARGAH2, with BAC1 and BAC2.
ARGAH1 transcripts were induced slightly following germina-
tion, while ARGAH2 transcript level went from relatively low
abundance to highly abundant following germination. It is
interesting to note that like each of the arginase genes, BAC1
and BAC2 have different, overlapping, characteristic patterns of
expression following germination (Fig. 5).
RT-PCR analyses were performed in argah1-1 and
argah2-1 seedlings, defective in each of the Arabidopsis
structural genes (Todd, C.D. et al., manuscript in preparation).
No transcripts were detected from ARGAH1 in the argah1-1
mutant or from ARGAH2 in the argah2-1 line. Expression of
ARGAH1 appeared slightly increased in argah2-1 seedlings
and ARGAH2 showed significant induction 2 DAG in the
argah1-1 background, but the pattern of expression for eachTable 3
Kinetic constants of recombinant BAC2 and BAC1
Km (mM) Vmax (μmol/min/g protein)
BAC2 0.16±0.02 38±8
BAC1 0.19±0.05 48±12
The values were calculated from double reciprocal plots of the rates of [3H]Arg/
Arg exchange after variation of external substrate concentrations. The exchange
was started by adding appropriate concentration of [3H]Arg to proteoliposomes
preloaded internally with 20 mM Arg. The initial transport rates were calculated
from the time course of isotope equilibration [29].arginase gene was not dramatically altered in mutant lines
compared to wild type (Fig. 5). Transcript levels of the two
arginase genes were consistent with their enzymatic activity
determined in mutants following germination (Todd, C.D. et
al., manuscript in preparation). Likewise, both BAC1 and BAC2
maintained the overall transcript accumulation patterns ob-
served with the wild-type seedlings. However, the expression
of both may be altered in the argah2-1 mutant over the first 4
days post-germination (0–4 DAG, Fig. 5) and BAC2 transcript
level was increased in both mutant lines at 6 and 8 DAG.
4. Discussion
Both BAC1 and BAC2 qualify as mitochondrial carriers for
basic amino acids by their structural features [19], their ability
to complement the yeast ort1 mutant [20,21] and their transport
properties assayed upon reconstitution into liposomes ([20] and
the present work).
BAC1 and BAC2 have common transport properties. They
transport Arg, Lys, Orn and His by both uniport and exchange;
are inactivated by the same inhibitors; and exhibit very close Km
and Vmax values for Arg which is the most efficiently trans-
ported substrate. However BAC1 and BAC2 also differ in
several respects. BAC2 has a broader substrate specificity
than BAC1 since the former transports L-homoarginine and
the D-forms of Arg and Lys almost with the same efficiency
as the L-forms. Interestingly, the differences in specificity and
stereoselectivity between BAC1 and BAC2 resemble those
existing between the human ORC1 and ORC2 [24]. At present
it is difficult to conjecture on the physiological significance of
conserving these properties in the divergent evolution of man
and plants. However, large multigene families is a distinguish-
ing characteristic of the Arabidopsis genome and family
members often display overlapping functions [32]. According
to our in silico analysis, there are at least 58 genes whose
products are predicted to belong to the MCF in Arabidopsis
[19]. The function of most of them is still unknown and we
cannot rule out the possibility that other Arabidopsis mito-
chondrial carrier proteins besides BACs transport basic amino
acids. However, the BAC proteins cluster phylogenetically only
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carnitine carrier [33].
In addition to a greater affinity for D-amino acids, BAC2
differs from BAC1 in sensitivity to pH. BAC2 displays a sharp
optimum at pH 8.0 whereas BAC1 is unaffected by pH from pH
7.0 to 9.0. Another striking difference between BAC1 andBAC2
is that BAC2 transports Cit at variance with BAC1 and Ort1p but
similar to the human ORC1 and ORC2 [20,22,24]. In plants and
yeast, unlike mammals, both the Orn carbamoyltransferase and
argininosuccinate synthetase reactions take place outside of the
mitochondrial matrix [34] making the export of Cit from
mitochondria unnecessary for Arg synthesis. However, in plants,
mitochondrial arginase and NOS activities generate Orn and Cit,
respectively. Based on substrate specificities and transcript
levels, it is likely that BAC2 catalyzes the export of the product
of NOS from the mitochondrion to the cytosol, and that BAC1 is
involved in Arg uptake and Arg/Orn exchange in conjunction
with seed protein degradation and the rapid induction of
arginase activity upon germination [13]. Though a role for NO
in seed germination and seedling development has been
documented [35–38], the relative contribution of enzymatic
or non-enzymatic NO sources is not yet understood. In
sorghum seeds, a sudden increase of NOS and nitrite reductase
activities was determined at germination falling to background
levels in the next 24 h [39]. More recently, NOS activity in
pea seedlings was reported to peak at 11 DAG [40].
Unfortunately, little is currently known about NOS activity
during germination and seedling development in Arabidopsis.
Disruption of ARGAH2 markedly decreases total seedling
arginase activity post-germination (Todd, C.D. et al., manu-
script in preparation). This argues in favor of a role for BAC1,
and possibly BAC2, in early mobilization of Arg N and C
reserves, since transcript levels of both genes appeared to be
higher in argah2-1 seedlings 0 DAG and 2 DAG, respectively,
compared to wild-type. Interestingly, both argah1-1 and
argah2-1 seeds have significantly reduced free Arg levels
compared to wild type, but more total N (Todd, C.D. et al.,
manuscript in preparation). If the increase in total N reflects
increases in seed storage proteins, a yet to be tested hypothesis
is that elevated transcript levels of BAC1 and BAC2 in
argah2-1 seedlings result from increased storage protein
reserves.
The delayed induction of BAC2 following germination
compared to BAC1 may reflect a transient onset of the Arg-
derived Orn pool in mitochondria and is consistent with a role of
BAC2 in Orn export as previously proposed [21]. Interestingly,
GUS analysis showed elevated expression levels of BAC2 in the
flower, and especially in stamen, petals and pollen [21]. Proline
is the most abundant amino acid in pollen, where proline and
betaine protect cellular functions under drought stress [41,42].
Since proline can be synthesized in the cytosol from Orn [43],
high expression of BAC2 in pollen may be required for
mitochondrial export of Orn to the cytosol to serve as precursor
for proline biosynthesis [44]. Furthermore, high expression of
BAC2 from 6 DAG on and in several tissues of the mature plant
might be relevant for mitochondrial NO synthesis and for other
pathways, as Orn is also a precursor for polyamine and alkaloidbiosynthesis [34]. A specific role of ORC2 in Orn efflux from
human mitochondria for polyamine biosynthesis has been
proposed previously [24]. BAC2 transcript levels are high in
flowers and green siliques [20] organs where ARGAH2
expression is also high (Todd, C.D. et al., manuscript in
preparation). Given the different patterns of ARGAH1 compared
to ARGAH2 and of BAC1 compared to BAC2 during seedling
development (Fig. 5) and in adult plant tissues, it is tempting to
speculate that there is a functional relationship between the two
arginases and the two basic amino acid carriers. Disruption
mutants in each BAC will help to elucidate further their roles in
seedling nutrition and development as well as in adult plant
tissues.
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